Abstract An experimental investigation was conducted to evaluate the dynamic performance of E-glass Vinyl Ester composite face sheet / foam core sandwich panels when subjected to pre-compression and subsequent blast loading. The sandwich panels were subjected to 0 kN, 15 kN and 25 kN of in plane compression respectively, prior to transverse blast wave loading with peak incident pressure of 1 MPa and velocity of 3 Mach. The blast loading was generated using a shock tube facility. During the experiments, a high-speed photographic system utilizing three digital cameras was used to acquire the real-time 3-D deformation of the sandwich panels. The 3D Digital Image Correlation (DIC) technique was used to quantify the back face out-of-plane deflection and in-plane strain. The results showed that in-plane compressive loading facilitated buckling and failure in the front face sheet. This mechanism greatly reduced the blast resistance of sandwich composites.
Introduction
Sandwich composites have many important applications in the naval, aerospace, transportation and defense industries due to their several advantages, such as high strength/ weight ratios, high stiffness/weight ratios, and high energy absorption capabilities. In many of these applications, sandwich composites are subject to an initial in-plane compressive loading. For example, a ship's hull will undergo longitudinal (in-plane) compressive loading during its service life [1] , a missile's shell will suffer in-plane inertia force when it is launched, and some residual stresses may be present in composites from manufacturing and assembling processes. When these pre-loaded composites are subjected to high-intensity transverse impulse loadings such as air blasts, the coupling of the in-plane pre-load and transverse blast loading will likely affect their blast mitigation performance.
However, recent investigations on the behaviors of sandwich composites under blast loading mainly focus on the transverse behavior without longitudinal compressive loading [2] [3] [4] [5] [6] [7] [8] . Nurick [2] , Zhu [3] , and Dharmasena et al. [4] have tested sandwich structures with a metallic honeycomb core. Radford et al. [5] conducted blast experiments on sandwich composites with a metal foam core. They all found that the ability of sandwich panels to resist dynamic loading is far superior to that of monolithic metal plates with the same areal density. Tekalur et al. [6] have studied the blast performance of sandwich structures with reinforced polymer foam cores. They concluded that the imparted damage was substantially reduced when Zdirection pin reinforcements (through thickness direction) were introduced into the core material. Wang et al. [7] constructed a sandwich structure with stepwise graded core materials and subjected it to transverse blast loading. They found that monotonically increasing the wave impedance of the core layers enhanced the blast resistance of the sandwich structures. Many of the above results have been summarized in Ref [8] .
Some investigations on the dynamic response of prestressed composite structures under low-velocity transverse impact loadings can be found in literature [9] [10] [11] [12] [13] . Robb et al. [9] carried out the first experimental investigation on the low-velocity impact response of E-Glass reinforced/polyester laminated plates under different in-plane uni-axial and biaxial pre-stress. They found that the effects of the prestress were significant only at the highest level of pre-stress (equivalent to 6,000 με) and the shear loading produced the greatest impact damage area on the specimen. Whittingham et al. [10] performed similar experiments on carbon-fiber/ epoxy laminated plates under tensile and shear pre-stress. They also found that low pre-stress levels (< 1,500 με) had no significant effect on the peak force of impact, absorbed energies and penetration behavior. Heimbs et al. [11] tested carbon-fiber/epoxy laminated plates under an in-plane compressive pre-load. An increase in deflection and energy absorption was observed under a pre-load of 80% of the buckling load. Sun et al. [12] and Choi [13] analytically investigated the effects of pre-stress on the dynamic response of composite laminates. They found that the initial in-plane tensile load increased the peak contact force while reducing the total contact duration and deflection. The compressive load reacted oppositely. However, contact loading, such as impact loading, will induce localized damage, which is different from air or underwater blast loading. Thus, these results cannot be extended to the blast response of composite structures.
There are very few theoretical and numerical studies [14, 15] related to the blast response of pre-loaded structures. Experimental investigations on pre-loaded composite materials under blast loading have not been conducted. The absence of experimental data of pre-stressed structures under blast loading also makes it difficult to verify the numerical models. Therefore, there is a critical need to investigate the effect of compressive loading on the dynamic behavior of composite materials under blast loading.
The present study focuses on the dynamic behavior and failure mechanisms of sandwich composites with in-plane compressive loading when experimentally subjected to a transverse blast loading (as shown in Fig. 1 ). The buckling loads of sandwich panels under different buckling modes were first calculated theoretically. Three compressive loading levels were chosen based upon the theoretical estimations of buckling loads. These compressive loadings were implemented using a specially designed fixture, to allow for different static in-plane compressive loadings on the sandwich panels prior to transverse blast loading. A high-speed photography system with three cameras was utilized to capture real-time images of the panel during blast loading. 3-D Digital Image Correlation (DIC) techniques were utilized to obtain the full field data of the deformation during the blast events. Post mortem visual observations of the test samples were also carried out to indentify the failure modes. The results showed that inplane compressive loading facilitated buckling and failure in the front face. This mechanism greatly reduced the blast resistance of the sandwich composites.
Material and Specimen
The sandwich specimen used in this study and its dimensions are shown in Fig. 2 . The VARTM (Vacuum Assisted Resin Transfer Molding) procedure was carried out to fabricate sandwich composite panels. The overall dimensions for the specimen were 102 mm wide, 254 mm long and 33 mm thick. The foam core itself was 25.4 mm thick, while the skin thickness was 3.8 mm. The average areal density of the samples was 17.15 kg/m 2 . The sandwich skin material was E-Glass Vinyl Ester (EVE) composite. The woven roving E-glass fibers of the skin material were placed in a quasi-isotropic layout [0/45/ 90/-45] s . The fibers were made of a 0.61 kg/m 2 (18 oz/yd 2 ) area density plain weave. Ashland Derakane Momentum 8084 resin was used as the matrix material, and the front and back skins consisted of identical layup and materials. The core material used in the present study was Corecell™ P600 styrene foam (manufactured by Gurit SP Technologies). Table 1 gives the material properties of the face-sheet that were determined using ASTM standard tests and the manufacturer's property data for P600 foam [16] .
Determination of In-plane Compressive Loading for Sandwich Composites

In-plane Buckling of Sandwich Composites
The in-plane buckling behavior of sandwich composites has been studied for years [17, 18] . There are three main Fig. 1 A sketch of a blast loading upon a structure with in-plane compressive loading buckling modes based on the geometries and materials [17] : elastic buckling in bending and shear (global buckling), plastic micro-buckling of the face sheets and face wrinkling (as shown in Fig. 3) .
Consider a sandwich composite with face sheet thickness t, core thickness c, total width b and total length l. The face sheet material has an in-plane Young's modulus E f and inplane yield strength σ fy . The core material has a Young's modulus E f and shear modulus G c . For elastic buckling in bending and in shear (global buckling), the critical buckling load P gb cr is [17] ,
where,
is the Euler buckling load and P S = bcG c is core shear buckling load. (EI) eq is the bending stiffness of the sandwich panel,
For plastic micro-buckling of the face sheets, the critical buckling load P ff cr is [17] ,
where, t is the thickness of the face sheets.
For face wrinkling, the critical buckling load P fw cr is [17] ,
In-plane Compressive Loads
Using the parameters of the sandwich composites described in Material and Specimen section, one can obtain the critical buckling load at each mode. Since the applied compressive loading is static, we use the quasistatic properties of the material in determining the buckling loads. The buckling loads are listed in Table 2 . Therefore, the mode at which the sandwich panel is most likely to fail is plastic micro-buckling of the face sheets. Based on the critical buckling load 76 kN, three different in-plane compressive loading levels were chosen for the present study: 0 kN (no loading), 15 kN (~20% of critical buckling load) and 25 kN (~33% of critical buckling load).
Experimental Setup and Procedure
Shock Tube
A shock tube apparatus was utilized to obtain a controlled blast loading. The details of this apparatus can be found in Ref. [7] . Figure 4 shows the shock tube apparatus and a detailed view of the muzzle end. The muzzle inner diameter is 76.2 mm. Two high frequency response pressure transducers (PCB102A) are mounted at the end of the muzzle section with a distance of 160 mm between them. The support fixtures ensure simply supported boundary conditions with a 152.4 mm span.
In-plane Compressive Loading Fixture
The fixture used to apply the in-plane static compression loading on the sandwich composite panels is shown in Fig. 5 . The loading head is connected to a hydraulic loading cylinder, which is mounted on the frame. An aluminium cylinder with an outer-diameter of Ø50.8 mm and an inner- Fig. 5 (b). Two strain gages, which are attached on this aluminium cylinder, measure the deformation of this cylinder and consequently provide the load applied on the specimen. The support fixture and in-plane compressive loading fixture are all securely fastened inside the dump tank of the shock tube.
High-speed Photography Systems
Two high-speed photography systems were utilized to capture the real-time 3-D deformation data of the specimen. Figure 6 shows the experimental setup. It consisted of a back-view 3-D Digital Image Correlation (DIC) system with two cameras and a side-view camera. The cameras are Photron SA1 digital cameras, which can capture images at a frame rate of 20,000 fps with an image resolution of 512× 512 pixels for 1 s time duration. These cameras were synchronized to ensure that the images and data can be correlated and compared. The 3-D DIC technique is one of the most recent noncontact methods for analyzing full-field shape, motion and deformation. The working mechanism of this technique is similar to how our eyes function. Two cameras capture two images from different angles at the same time. By correlating these two images, one can obtain the three dimensional shape of the surface. Correlating this deformed shape to a reference (zeroload) shape gives full-field in-plane and out-of-plane deformations. The details of this technique can be found in Ref. [19] [20] [21] [22] . In the present study, Vic-3D DIC software from Correlation Solution, Inc was utilized to analyze the high-speed images. To ensure good image quality, a speckle pattern with good contrast was put on the specimen prior to experiments.
Experimental Procedure
The in-plane compression loading was applied on the specimen and held at a constant level until the specimen was subjected to the transverse shock wave loading. The loading head is fixed during the whole experimental process. The load will be released when the vertical dimension of the specimen is reduced. For each compression loading, at least two samples were tested to ensure repeatability. The high-speed photography systems and the pressure sensors were synchronized and were triggered to record the pressure data and deformation images upon the arrival of shock wave.
Experimental Results and Discussion
Real-time Side-view Deformation Images and Deflection
A typical pressure profile obtained from the transducer closest to the specimen during blast loading from the shock tube is shown in Fig. 7 . The incoming shock wave has an incident peak pressure of approximately 1 MPa, and a wave velocity of approximately 1,000 m/s (~Mach 3). This shock wave reflects from the specimen with an approximate peak pressure of 4.7 MPa and an approximate reflected velocity of 350 m/s. For a more detailed analysis of the pressure data, refer to Ref. [23] . The real time side-view images of sandwich composites subjected to the same amplitude and duration of the incoming blast wave and with different levels of initial compressive loading on them are shown in Fig. 8 . The shock wave propagates from the right side of the image to the left side. Some deformation details are pointed out on the images. From the images, it can be clearly seen that the initial deformation modes for the sandwich composite with different levels of compressive loading are very similar. Prior to 400 μs all the specimens show global bending with a typical double wing shape, which means that the core is under intense shear loading. At almost 350 μs after shock loading, shear cracks in the core begin to emerge in specimens with no in-plane loading (0 kN). The in-plane compressive loading tends to suppress the formation of core cracks. In the specimens with 15 kN and 25 kN in-plane loading, the shear cracks in the core only begin to appear around 1,200 μs and 900 μs respectively.
The deformation modes of the specimens with different in-plane loadings also change after 400 μs. The specimen without in-plane loading (0 kN) continues bending symmetrically. The front face-sheet shows a profile with a smooth curvature, implying no local buckling in the front face. For the specimen with the 15 kN compressive loading, the initial deformation with a symmetric profile shifts to an asymmetric mode. The section of the front face-sheet close to the lower support exhibits more curvature than the section close to the upper support. This asymmetrical phenomenon indicates that there is local buckling at the lower section of the front face-sheet. At approximately 1,600 μs, the debonding of the front face-sheet from the core gives clear evidence of local buckling (shown by the white circle). Meanwhile, the curved profile in the middle section (right above the local buckling position) of the front face sheet changes to a flat profile, indicating that the bending moment applied on this section has been released. For the specimen with the 25 kN compressive loading, there are two obvious kinks in the front face-sheet (shown by the white circle). The middle section has a flat profile between two kinks implying that there are two failure hinges at kink positions and these failure hinges release the moment applied on this section. These two failure hinges are induced by local buckling in the face sheet. From the photographs it can also be seen that kink formation occurs On the other hand, the deformation behaviors of the back face sheets for all sandwich panels are similar. They all show smooth curvatures, indicating there is no buckling in the back face sheet. This is because the shock loading does not apply on the back face directly. As mentioned in Ref. [24] , the motion of the sandwich structure starts from the front face sheet upon which the shock loading is directly applied. The load is only transmitted to the back face sheet after the stress wave has passed through the core and the core is compressed. This implies two facts. First, the load applied on the back face gets dispersed as it transmits through the core, and as such will not be concentrated. Second, the intensity of load transmitted to the back face depends on the core compressive properties. As the core foam material has a long low-level stress plateau in its constitutive behavior, the load applied on the back face will be much lower than the shock loading applied directly on the front face. Therefore, the combined effect of the inplane compressive loading and the local transverse shock wave loading (as discussed in depth in Post Mortem Analysis section), only changes the global and local deformation behavior of the front face.
It needs to be noted that in Fig. 8 the ends of the specimen without in-plane loading almost do not rotate in the very beginning (before 400 μs). This indicates that the flat loading head will probably not constrain the end rotation of the specimens when applying the in-plane compressive loading. After 400 μs, the ends of the specimens with in-plane loadings actually disconnect from the loading head. The position of the loading head remains fixed, whereas the vertical dimension of the specimen shrinks due to global bending. Therefore, the constraint of end rotation is minimized in the present study and the simply supported boundary as mentioned in Shock Tube section, is approximately achieved.
The deflections of the middle edge point located on the front and back faces obtained from the side-view highspeed images are shown in Fig. 9 . Prior to 400 μs, the deflections of all panels are almost identical. After 400 μs, the specimens with the 0 and 15 kN compressive loading have similar deflections while the deflection of the specimen with the 25 kN compressive loading is higher. This indicates that only at high in-plane compressive loading level (25 kN, 33% of the critical load of the Fig. 8 Real time side-view deformation of sandwich composites with initial compressive loadings Fig. 9 Deflections of middle edge point at back and front faces of the sandwich composites structure buckling) will the deflections along the middle line of the face sheets be significantly affected. Moreover, the middle edge point deflections of the front and back faces for each panel are almost overlapping. This means that there is negligible core compression in the core thickness along the middle line (symmetry line), though there were obvious compressive regions in the core around the buckling area of the core, near to the front face.
Real-time Back-view DIC Results Figure 10 shows the back face out-of-plane (z direction) deflection contours of sandwich composites subjected to blast loading with different levels of initial compressive loading from the DIC analysis. The support knife edges are located at the top and bottom of the images and parallel to the x direction. The color stripes, which are parallel to the support line, show that the deflections of the points through the width of the panels are almost identical. This indicates that the specimens acted like a beam under the current support conditions. It can also be seen that the deflections of the specimens without compressive loading (0 kN) are comparable with the 15 kN compressive loading specimens, with the compressed specimens showing larger deflection after 800 μs. The specimen with the 25 kN compressive loading has higher deflections.
The in-plane strains e yy of the center point (o point) on the back face from the DIC technique are shown in Fig. 11 . Here, the vertical direction is the y axis. It can be clearly seen that the trend of the in-plane strains is much different from that of the out-of-plane deflections. Though the deflections are almost identical, the back-face in-plane strain of the specimen with the 15 kN compressive loading is much higher than the one without compressive loading. This is due to the different failure modes of the specimens under different in-plane compressive loading. The in-plane strain e yy on the back face sheet depends on the loads transmitted from two physical mechanisms: the deformation of the core itself and the global bending of the sandwich structure. Due to the constitutive behavior of the core foam material (the stress plateau after the yield point), the load transmitted to the back face sheet by the core has a limit value. However, the load transmitted by the interfaces is most likely based on the global deflection of the sandwich structure, which means this load will keep increasing as long as the interfaces do not totally delaminate. After delamination this load will drop and affect the in-plane strain on the back face sheets. Therefore, in the beginning with small global deflection i.e. prior to 400 μs, the effects of the core and the interfaces are comparable. When the core cracks appear in the specimen without in-plane load around this time, there is an obvious drop in the e yy verses time curve. On the other hand, the global bending of the sandwich structure tends to increase the in-plane strain. The Fig. 10 Out-of-plane deflection contours of sandwich composites subjected to blast loading with in-plane compressive loadings Fig. 11 In-plane strain on the back face at the center point combined effect causes the in-plane strain e yy to keep increasing with a smaller slope after initial drop. For the specimens with 15 kN and 25 kN loadings, the core cracks appeared much later (1,200 μs and 900 μs, respectively) with a relatively large global deflection. This implies when the core cracks appear, their effect will be small and not that obvious. It can be clearly seen in Fig. 11 the in-plane strain curves have small kinks around 1,200 μs and 900 μs for the specimen with 15 kN and 25 kN in-plane loadings, respectively. These kinks mean that the core cracks do affect the in-plane strain on the back face sheet, but the effect is not as strong as when the core cracks appeared at 400 μs. Two other features are significant in the strain plots. First, prior to 400 μs the strain e yy of the back face sheet is almost identical for the specimens with and without in-plane loadings. The reason has been mentioned in discussion of Fig. 8 that the specimens with different levels of compressive loading have similar deformation modes during this time period. Second, the in-plane strains of the specimens with 15 kN and 25 kN in-plane loading are comparable during the whole time period until 2,000 μs while they have different back face deflections (see Fig. 9 ). This is because the specimen with 15 kN in-plane loading has one crack in the core while the specimen with 25 kN inplane loading has two cracks which means the latter should have less effect on the in-plane strain of the back face sheet. Therefore, though the deflection of the specimen with 25 kN in-plane loading is larger, the combined effect of the damage in the core and the global bending makes the inplane strain of the back face comparable with that of the specimen with 15 kN in-plane loading.
Post Mortem Analysis
The damage patterns of the sandwich composites after the shock loading were visually examined and recorded using a high resolution digital camera and are shown in Fig. 12 .
Since the back face sheets do not show any change after the experiments, they are not shown here.
From the front face-sheet images, the local buckling positions are apparent. Note the yellow color is the original color of the specimen and the white color signifies fiber delamination and face-sheet buckling. For the specimen with the 0 kN compressive loading, there is only slight fiber delamination on the front face. From the side-view high-speed images, the front face of the specimen with the 0 kN compressive loading shows a profile with a smooth curvature during the whole shock loading process. Therefore, the delamination is due to the large deflection bending of the sandwich panel during the dynamic loading process. For the specimen with the 15 kN compressive loading, there is a region of heavy fiber delamination on the front face that correlates to the buckling section with large curvature in the side-view high-speed images. For the panel with the 25 kN compressive loading, heavy fiber delamination and buckling occurred at two positions on both sides of the center of the specimen that correlates to the two kinks in the side-view high-speed images. The white area at the end of the specimen is not due to local buckling induced by the compressive loading but is due to a collision between the specimen and the shock tube during the large deflection bending process of the specimen that occurs much later in the event From the side view post mortem images, the permanent back face sheet deflection of the specimen with the 0 kN The specimen with the 25 kN compressive loading showed heavy delamination between the core and back face sheet, which released the stress in the back face sheet. Thus, it showed the least permanent back face sheet deflection. It should be noted that the opened cracks in the core of the specimen without in-plane loading (Fig. 8) almost closed after the experiment as shown in Fig. 13 . This shows that the core has an ability to stand large shear deformation.
Microscopic analysis of the buckling region observed in the sandwich panels was done using a Nikon SMZ microscope. These micro images are shown in Fig. 12 . For the specimen with the 0 kN compressive loading only a small crack appears in the front face when delamination occurred. For the specimen with 15 kN compressive loading, the crack crossed the first two fiber layers of the front face sheet. For the specimen with the 25 kN compressive loading, the crack had completely opened and propagated into the face sheet by more than half of its thickness. The edge of the crack shows evidence of tearing.
Failure Mechanisms
The experimental results show that compressive loading significantly affects the blast performance of sandwich composites. Failure and buckling occurred at specific positions on the front face sheet. In this section, a qualitative model is described to explain the dynamic failure process of sandwich composites with compressive loadings.
A sketch of the response and failure process of sandwich composites under in-plane compressive loadings when they are subjected to transverse shock wave loading is shown in Fig. 14 . When the shock wave first impinges on the sandwich panel, it gives an initial velocity field to the front face [24] . Since the loading area is smaller than the front face area, the front face will have different velocities at different locations, as shown in Fig. 14(a) . This velocity difference will create some transition areas around the loading area due to the displacement difference after a very short time period, as shown in Fig. 14(b) . Then, the flat shape of the front face is destroyed. The in-plane compressive loading on the front face generates shear loading at the transition areas as shown Fig. 14(c) . This shear loading significantly reduces the critical buckling load of the front face and reduces the blast resistance of the sandwich composite.
Correlation between the high-speed side-view images with post mortem images for the three compressive loading states is shown in Fig. 15 . The lines show the boundaries of the shock loading area. It can be clearly seen that the failure positions on the front face of the sandwich panels are located around the boundaries of the shock loading area. These areas are the transition areas seen in Fig. 14(b) .
In experiments, the failure areas are not symmetric to the loading area though the transition areas are. This is because the loading, support and the composite material properties may not be perfect. The failure always occurred at one transition position first. Subsequent to this, if the in-plane compressive loading was not high enough, the second buckling site does not develop and the loading applied on the symmetric position of the front face was released. Thus, there is only one failure position on the front face [ Fig. 15  (b) ]. If the in-plane compressive loading is high enough, as is the case with the 25KN loading, another failure site develops before loading is totally released as seen on the front face of Fig. 15(c) . Closure Sandwich composites, with E-glass Vinyl Ester composite face sheet and CoreCell™ P600 foam core, were put under an in-plane compressive loading prior to being subjected to a transverse shock wave loading. Three levels of compressive loading, 0 kN, 15 kN and 25 kN, were chosen to study the effect of the uni-aixal in-plane loading on the dynamic behavior of the sandwich composites. A high-speed photography system and a 3-D Digital Image Correlation (DIC) technique were utilized to obtain full-field deformation data. The results showed that the in-plane compressive loading coupled with the transverse blast loading induced local buckling in the front face sheet of the sandwich composites. Higher levels of compressive loading caused more damage in the front face sheet, larger out-of-plane deflection, and higher in-plane strain on the back face sheet. Consequently, the over-all blast resistance of sandwich composites was significantly reduced. A qualitative model was proposed to show that the transverse shock wave created displacement transition regions in the front face due to the fluid-structure interaction. These displacement transition regions fail easily due to local buckling under in-plane compressive loading. This mechanism highly reduces the blast resistance of the sandwich composites.
